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Structural acoustic response of a shape memory alloy hybrid

composite panel (lessons learned)
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ABSTRACT

This study presents results from an effort to fabricate a shape memory alloy hybrid composite (SMAHC) panel specimen
and test the structure for dynamic response and noise transmission characteristics under the action of thermal and
random acoustic loads. A method for fabricating a SMAHC laminate with bi-directional SMA reinforcement is
described. Glass-epoxy unidirectional prepreg tape and Nitinol ribbon comprise the material system. Thermal activation
of the Nitinol actuators was achieved through resistive heating. The experimental hardware required for mechanical

support of the panel/actuators and for establishing convenient electrical connectivity to the actuators is presented. Other
experimental apparatus necessary for controlling the panel temperature and acquiring structural acoustic data are also
described. Deficiency in the thermal control system was discovered in the process of performing the elevated
temperature tests. Discussion of the experimental results focuses on determining the causes for the deficiency and
establishing means for rectifying the problem.
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1. INTRODUCTION

Shape memory alloys (SMAs) have been the subject of active research for over three decades due to their many unique
attributes and the resulting potential for a variety of applications. Early work focused on alloy characterization and
discovery of some of the fundamental micromechanical phenomena responsible for the unique properties. A variety of
applications ranging from self-erecting structures and energy-conversion devices to thermally actuated fasteners and
biomedical devices were also identified in this early effort. Metallurgical work in recent years has seen significant
growth, partly due to a substantial increase in applications research that has been stimulated by interest from the
biomedical and smart materials communities. Recent smart materials and structures work has shown that SMAs have

significant potential for vibration, structural acoustic, and structural shape control applications. Birman 1published a

comprehensive review of the work performed in the areas of SMA constitutive modeling and ap2plications. Several
compilations of papers have also been published on the topic, most recently by Otsuka and Wayman, which give a good
overview of the alloy characteristics and an introduction to applications.

The shape memory effect has been employed for various applications since its discovery, some of which were mentioned
previously. A new class of applications was developed when Rogers and Robertshaw 3 introduced the idea of embedding
SMA actuators in a composite laminate for structural control. A structure of this type has been termed a shape memory
alloy hybrid composite (SMAHC). Paine and Rogers published a review of SMAHCs and their applications 4. Two
methods have been proposed for integrating SMA actuators into a composite: bonding the actuators within the composite
matrix as a constituent and embedding the actuators within sleeves through the laminate. The work presented in this
study focuses on the former method, where prestrained actuators are bonded within the composite matrix and the
boundaries of the structure serve also as mechanical restraints for the actuators. Recent work has considered SMAHC

structures for static and dynamic structural response control. Frequency response limitations of the SMA (dictated by
thermal energy management) have often been cited as an obstacle for dynamic control. However, there are many
applications in which a naturally occurring elevated thermal environment can be used to activate the SMA
autonomously. The activated SMA actuators act against the mechanical boundaries to adaptively stiffen the structure
without control electronics or auxiliary power.
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Previousworkhasbeendonetoinvestigatethethermal,staticstability,anddynamiccharacteristicsofSMAHCpanels
withSMAactuatorsembeddedin sleeves5-7.TheelasticstabilityofsandwichpanelswithfunctionallygradedSMA
inclusionhasalsobeenconsidered8.Otherstudieshaveconsideredtheactivevibrationandstructuralacousticcontrolof
simplysupportedpanelsbyembeddedSMAactuators9-11.RecentworkatNASALaRChasdemonstratednumerical
modelingofSMAHCstructures12'13, fabrication and characterization of SMAHC beam specimens 14,measured static and
dynamic responses of SMAHC beam specimens, and correlation of the measured responses with numerical models 15'16.

The focus of the present study is to extend the fabrication effort to panel-type specimens with bi-directional SMA
reinforcement, test the structure for dynamic and noise transmission characteristics, and extend the numerical
modeling/correlation to this more practical configuration.

2. BACKGROUND

In the typical application under consideration, such as adaptive stiffening of aerospace structures, the SMA elements
would be activated through an inherently elevated temperature of the service environment. This effect can be simulated
in experiments by various means, of which the most practical is resistive heating. A glass-epoxy matrix material system
was selected to avoid any potential electrical conduction problems. This material system also affords the advantage of
visual flaw detection due to its translucency. A Nitinol alloy was selected because of favorable electrical resistance,
availability, and shape memory capabilities.

Glass-epoxy unidirectional prepreg tape was obtained from Fiberite, Inc. The material is Hye 8 End/934, an E-glass/934
epoxy resin material system. The resin material is formulated for autoclave processing and the following cure procedure

is recommended; heat at 1.1 2.8°C/minute (2 5°F/minute) to 121. I°C (250°F) and hold for 15 minutes, apply 689.5 kPa

(100 psig) pressure and continue to hold at 121. I°C (250°F) for an additional 45 minutes, heat at 1.1 2.8°C/minute (2

5°F/minute) to 176.7°C (350°F) and hold for 120 minutes, and cool at 2.8°C/minute (5°F/minute) (maximum) to
ambient.

A Nitinol alloy in a ribbon form was selected, in lieu of a wire form, as the actuator material in this studyto simplify the
fabrication procedure, allow for more flexibility in fabrication, and desensitize the actuators to interface voids and stress

concentrations. This approach was adopted because recent SMAHC fabrication efforts involving wire-type actuators
have suffered from various disadvantages. These disadvantages include complicated fabrication procedures because of
the relatively large number of actuators usually needed, sensitivity to actuator/matrix interface flaws because voids can
be of significant relative size, and relatively high rate of actuator breakage during cure because of sensitivity to stress
concentrations at the mechanical restraints. Finally, it is difficult to achieve a desirable overall volume fraction of SMA
in wire form when trying to optimize the integration of the actuators by placing them in only selected layers.

Conversely, ribbon-type SMA elements can be placed in strips cut out of particular matrix laminae to result in a rather
simple lay-up operation, while keeping the volume fraction high in the desired locations.

A Nitinol alloy was specified with an appropriate composition to give a martensite finish temperature above the expected
ambient temperature while maintaining an austenite finish temperature well below the glass-transition temperature of the

Fiberite 934 epoxy matrix (193.3°C, 380°F). Shape Memory Applications, Inc. provided the Nitinol ribbon material
with nominal transformation temperatures, in a fully annealed state, of A_ 67°C, Af-85°C, M_ 46°C, and Mf-32°C.
Differential scanning calorimetry (DSC) and direct current plasma (DCP) emission tests were performed on samples to
determine the condition of the material in the as-received state. The transformation temperatures for the Nitinol in the

as-received condition and in a free configuration were determined to be approximately As 45°C (113°F), Af-60°C

(140°F), Ms 17°C (62.6°F), and Mf-0°C (32°F). The average results of the DCP analyses are 55.4Ni-44.3Ti-0.033C-
0.19650-0.0011H-0.0075N-0.0075Fe; wt%. Further detail of these analyses can be found elsewhere 14.

A panel-type specimen was designed using the previously mentioned numerical model. A schematic of the specimen is
shown in Figure 1. Parameters influencing the specimen design include the use of ribbon-type actuators, fabrication-
tooling geometry, and dynamic range of anticipated experimental configurations. The specimen design is by no means
optimized, but the predicted performance is in a range that is suitable for the expected loading conditions and to
demonstrate significant improvement from the SMA reinforcement.
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Notethatthisspecimendesigncallsforalaminationof(45/0/-45/90/0/90/-45/0/45)withaSMAactuatorcrosssectionof
0.0127xl.27e-4m (0.5x0.005inches)tobeembeddedwithineachoftheoutertwo0°andthe90° glass-epoxylayers,
i.e.,replacingaportionofeachlayer.MaterialavailabilityandprocessinglimitationsdictatedanominalNitinolribbon
crosssectionof0.0023xl.5e-4m(0.09x0.006inches).Thisthicknesswasconsideredacceptablyclosetotheestimated
glass-epoxyunidirectionaltapethickness(1.27e-4m,0.005inches)andit wasplannedthatfivewidthsoftheribbon
wouldbeplacedside-by-sidetodevelopawidthnearthatinthespecimendesign.

4. SPECIMEN FABRICATION AND CHARACTERIZATION

The SMAHC specimen fabrication procedure used in this study consists of the following steps; prestrain (elongate) the
SMA actuators, lay-up the composite laminate, cure the laminate while restraining the actuators, and machine the
specimen for installation in test fixtures. This procedure is consistent with that previously presented for fabrication of
beam specimens, but some detail is given here for clarity and completeness because the panel specimen is more
complex. Additional detail on the actuator processing and specimen fabrication process can be found in a related
publication14.

SMA actuators are frequently trained prior to placing them in service. The training process typically involves imparting
the desired elongation to the actuators and subjecting them to prescribed thermomechanical cycling that renders the
cycle hysteresis stable. An alternate approach of quantifying the cycle-dependent thermomechanical properties of the
actuators was adopted for the present study because training processes are very cost/time intensive and a large number of
actuators were needed for fabrication of the specimen shown in Figure 1.

The prestrain operation employed in this work consisted of removal of the packaging strain and imposition of a
prescribed level of axial elongation. Packaging strain is undesirable deformation induced in the SMA material
subsequent to heat treatment, such as spooling the material for storage and/or shipping. The packaging strain was
removed in the present process by subjecting actuator lengths to resistive heating in a device designed to impose
minimal axial constraint while applying lateral constraint to force the actuator to return to its flat, straight memorized
configuration.

The prestraining operation needs to be very controllable, precise, and repeatable because the actuators are very easily
deformed during handling in the martensitic state and the actuator performance is a very strong function of prestrain
level. An apparatus was developed to align and maintain proper geometry on three ribbon lengths concurrently, while
installing them in a tensile test machine. In the particular case of the specimen in Figure 1, a total of 220 actuators with
a gage length of 0.635 m (25 inches) were installed in the test machine, three at a time, and elongated 4% to a gage
length of 0.66 m (26 inches). This gage length was used in order to ensure uniform prestrain over the 0.6604 m (26
inch) span between mechanical restraints on the composite lay-up tooling plate, which will be discussed subsequently.

A mechanical drawing of the lay-up and cure tooling plate is shown in Figure 2. This apparatus was designed to provide

a flat surface (+0.005 inches) and mechanical grips to restrain the SMA during an autoclave cure procedure. Recall that

the panel specimen design calls for a lamination of (45/0/-45/90/0/90/-45/0/45) with the Nitinol in the outer two 0° and

in the 90 ° layers. This lamination was accomplished by cutting widths of those layers to size during assembly and filling
the void with five ribbon widths laid side-by-side. The laminate after complete assembly is shown in Figure 3, where it
can be seen that the Nitinol ribbon ends have been secured within the knurled mechanical restraints. Note that Kapton
release film, fiberglass breather cloth, and teflon-coated fiberglass bleeder cloth are layered between the tooling plate
surface and the first glass-epoxy layer, in that order. The mechanical restraints consisted of three parts; the tooling plate
surface, a thin spacer with knurling on both sides, and the top clamping bar. This arrangement was employed to
minimize bending of the actuators between the laminate boundary and the restraint and to maximize grip for each layer

of SMA by gripping the separate layers independently. The mechanical restraint screws received a torque of 11.30 N.m

(100 in.lbf). The surfaces of the protruding Nitinol ribbon ends and all gripping surfaces of the mechanical restraints
were coated with a release agent to promote removal of resin overflow. Subsequent to assembly, the laminate was
topped with bleeder cloth, Kapton film, a caul plate, bleeder cloth, and breather cloth, in that order. The entire assembly
was vacuum bagged and drawn to an internal pressure of 0.0475 atm.
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Theassemblywassubjectedtotheautoclavecurecyclerecommendedbythevendorandtheresultingconsolidatedpart
isshowninFigure4,whereit canbeseenthatfastenerholeshavebeenmachinedinthepanelasperthespecificationsin
Figure1.Thedimensionsofthepanelare0.559x0.508x0.0011m(22x20x0.045inches).Theoverallvolumefractionof
theSMAwithintheglass-epoxydimensionsisapproximately26%.

Thermomechanicaltestswereperformedon theconstituentsof thismaterialsystemin orderto gaina better
understandingofthemechanicsofthehybridcompositeandtofacilitatecomparisonwithnumericalmodels.Testswere
performedonglass-epoxy-onlyspecimensto determinethepropertiesofthecompositematrixin principalmaterial
coordinates(PMC).Testswereperformedonuniaxial(0)2ospecimensaccordingtoASTM3039-95aforestimatesofthe
Young'smoduli(ElandE2)andPoisson'sratios(v12andv21).Similartestswereperformedonangle-ply(+45)4
specimensaccordingtoASTM3518-94_1forestimatesoftheshearmodulus(G12).Thevariationoftheseproperties
withtemperatureisshowninFigure5. Asexpected,thefiberdirectionmodulusisfairlyconstant,butthetransverseand
shearmodulishowsomenonlinearity.SpecimensforthemeasurementofthelongitudinalandtransverseCTE,alsoin
PMC,weremachinedfromthesameuniaxiallaminate(0)2o.ResultsfromthesetestsareshowninFigure6,which
showssubstantialnonlinearitywithtemperature.Thesenonlinearitiesmaybepartlyduetodryingoftheresinmaterial.

TheNitinolalloywastestedtoquantifytherecoverystressversustemperatureandthermalcycle,inlieuoftraining,and
themodulusversustemperature.TherecoverystresswasmeasuredbyinstallingsamplesoftheNitinolribbonwith4%
prestrain,remainingfromSMAHCspecimenfabrication,inaservohydraulictestmachine.Samplesweresubjectedto
thermalcyclesbyresistiveheatingwhilemeasuringtheforcegeneratedasafunctionoftemperature.Representative
resultsshowingtheaveragerecoverystressversustemperatureforthermalcycles2,3,4and50arepresentedinFigure
7. Significantchangeswereobservedin thecharacterof stress-temperaturebehavioroutto 50cycles,wherethe
behaviorappearedto stabilize.TheYoung'smodulusoftheprestrainedribbonwasestimatedfromtensiletestdata
performedonthetestmachineusinga boxfurnace.Testswereconductedon3 ribbonsamplesat eachof 7
temperatures;21.1°C(70°F),37.8°C(100°F),65.6°C(150°F),79.4°C(175°F),93.3°C(200°F),121.1°C(250°F),and
148.9°C(300°F).Modulusestimatesfromthethreesampleswereaveragedandtheresultingmodulusversus
temperaturebehavioris shownin Figure8. Additionaldetailonthethermomechanicaltestingof theconstituent
materialscanbefoundelsewhere14'16.Tabulateddatafromthethermomechanicaltestsalsoappearinthosepublications.

It iswidelyknown 17'18 that the transformation characteristics and thermomechanical properties of shape memory alloys
are strong functions of thermomechanical processing. Thus, accurate thermomechanical modeling of such a material
system requires careful attention to the condition of the SMA actuators when they are put into service, and testing of the
material properties under corresponding conditions. An example of this effect was reported recently 14,where a dramatic
difference was shown between the tensile behaviors of a Nitinol ribbon actuator with 4% prestrain and an equivalent

actuator after having been exposed to one thermal cycle from ambient temperature to 148.9°C (300°F) and back to
ambient temperature while constrained in the test machine. Further work has been done to investigate the causes for this
behavior 19. That study included X-ray diffraction and differential scanning calorimetric analyses of Nitinol ribbon

samples with various thermomechanical histories in an effort to correlate the processing, microstructure and
thermomechanical properties.

5. EXPERIMENTAL ARRANGEMENT

The SMAHC panel specimen is shown mounted in an aluminum fixture in Figure 9, where it can be seen that only
essential fasteners have been installed. The fixture was designed to provide clamped boundary conditions and an
unsupported area of 0.356x0.254 m (14x10 inches). The fixture was also designed to provide electrical connection and
mechanical restraint for the Nitinol ribbon leads protruding from the edges of the SMAHC panel specimen. Mechanical
constraint for the Nitinol ribbon is accomplished through the use of the gripping assemblies shown mounted to all four
edges of the fixture. Detail of the Nitinol gripping assemblies is shown in Figure 10. The carrier of the assemblies is
Garolite G10 (a glass-epoxy composite) with knurled, stainless steel inserts fastened in slots machined into the carrier
material. Mechanical restraint and electrical connection is made to the actuators by clamping the ribbon between the
knurled inserts. The electrical connection is isolated from the aluminum fixture by a thin (0.0016 m, 0.063 inches) layer
of G10 on the inner surface of the assembly, as demonstrated most clearly by the upper two assemblies in Figure 10. It
was planned that the substantial tensile load anticipated from the Nitinol actuators would be carried by the in-plane
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stiffnessofthealuminumfixturebyallowingthegrippingassembliestobearonthealuminumfixtureedges.Thus,the
electricalinsulationlayerinthegrippingassemblieswasmadeasthinaspracticaltominimizethedeformationinthe
morecompliantG10,andtherebyminimizetherelief(reduction)intheNitinolrecoveryload.

Thegrippingtabsin thetopcarriersaresecuredwithbrassscrewstofacilitateelectricalconnection.Theelectrical
jumpersshowninFigure9configurealloftheNitinolribboninthehorizontaldirectioninseries,likewiseforallofthe
ribbonin theverticaldirection.Thus,withtheinstallationofajumpercableshowninFigure11,theentirearrayof
NitinolribbonisrenderedelectricallyinseriesandaDCpowersupplyconnectedattheindicatedlocationsallowsthe
entiresystemto beenergizedconveniently.Thermal(type-Tthermocouples)andvibration(Endevco2250A-10
accelerometers)measurementinstrumentationisalsoevidentinFigure11.Thermocouplesonthealuminumfixture
allowindirectmonitoringof boundarythermalexpansioneffectswhilethepaneltemperatureis controlledbya
thermocouplemeasurementinthelowerleftcorneroftheunsupportedarea,indicatedinFigure9byanasterisk(*). The
thermalcontrollerconsistsofaprocesscontroller(OmegamodelCN77353-PV)andaDCpowersupply(HPmodel
6010A).

Thecontrolthermocouplewaslocated0.013m (0.5inches)fromtheleftboundaryandonthecenterlineofthe
lowermosthorizontalNitinolribbonbundle(over2 layersofribbon).Thislocationofthecontrolthermocouplewas
selectedbaseduponpreviousexperiencewithSMAHCbeamspecimensundersimilarthermalcontrolconditions.
Additionalcontrolthermocouples,alongwithamorecomplicatedcontrolmetricsuchasanaveragetemperature,were
notincorporatedin favorofminimizingtheinfluenceonthevibrationresponseandthermalcontrollercomplexity.It
wasanticipatedthattheselectedcontrolthermocouplelocationwouldbeoneofthecoolerlocationsfortheNitinoland
thatthiscontrolconfigurationwouldensurethatall of theNitinolwouldbeat or abovethespecifiedsetpoint
temperature.ThesignificanceofthiscontrolmethodisthatonecanbeassuredthatalloftheSMAisfullyactivated,
i.e., above a specified temperature, thereby achieving maximum effect of the Nitinol recovery stress. Thermal analysis
of the system was performed to determine the electrical power required to achieve the desired temperature level (fully
activate the SMA) and to study the temperature distribution. Results from that analysis indicated that the available DC
electrical power (1200 W) is sufficient and that the resulting temperature distribution would be rather nonuniform. The
temperatures in the regions of the crossing points of the horizontal and vertical ribbon bundles (four layers of ribbon)
will be greater than that for regions with two layers of SMA because twice the electrical power is being dissipated there.
Furthermore, large differences between regions that contain embedded SMA and those that do not should be expected
due to the poor thermal conductivity of the glass-epoxy matrix.

The panel specimen and fixture assembly was intended for vibration and noise transmission tests in a transmission loss
configuration. A schematic of a transmission loss test facility at NASA LaRC is shown in Figure 12. In this facility, the
test article is mounted in a rigid partition between the source and receiver rooms. The excitation considered in this study
is normally incident random acoustic pressure with a bandwidth of 50-500 Hz. The acoustic pressure in the plane of the
panel was characterized (amplitude and phase uniformity) by an array of five B&K 4634 microphones prior to

installation of the panel-fixture assembly. A microphone at the center of the loudspeaker housing (source microphone)
measured the source pressure during this characterization run. The panel-fixture assembly is shown mounted in this
facility in Figure 13. The test instrumentation consisted of that previously described for the panel-fixture assembly, the
source microphone, an array of six microphones in the receiving room, an infrared camera (FLIR SC2000) in the
receiving room, and an air temperature thermocouple in each room. The test procedure consisted of acquiring structural

acoustic data at ambient temperature, 65.6°C (150°F), 93.3°C (200°F), and 121.1°C (250°F). The thermal controller
would be allowed to stabilize the panel temperature at each increment before acquiring dynamic data. The thermocouple
data would be recorded continuously at 1 sample per minute, while images from the infrared camera would be
synchronized with acquisition of the dynamic data. The control thermocouple would be sampled at a much higher rate
by the thermal controller and observed during ramp to setpoint, but only recorded at the 1-minute interval.

6. DISCUSSION

The SMAHC panel specimen was prepared for structural acoustic testing in a transmission loss configuration as
described in the previous section. Upon the first activation of the thermal controller, it was immediately noted that the
time constant of the transient thermal response at the control thermocouple was much longer than anticipated and the test
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wasaborted.Unfortunately,thetestwasnotabortedbeforethepanelwasoverheatedatseverallocations,oneofwhich
precipitatedanelectricalshortbetweenthehorizontalandverticalribbonbundlesatthelocationindicatedbyanasterisk
(*) inFigure11.Theelectricalimpedancebetweenthatlocationandground,throughtheverticalribbonbundleand
includingcontactresistance,wasapparentlylessthanthatoftheremainderoftheintendedcircuit.Thus,theelectrical
powerwasdivertedandtherelativelyhighcontactresistanceoftheshortcausedextremelyhightemperaturesatthat
location,whichcausedcompletefailureofthecompositematerialinthatvicinity.Anotherunfortunatefactoristhatthe
infraredcamerawasnotacquiringimagesduringthethermaltransienttocapturethefailure.Immediatelyfollowingthe
event,however,imageswereobservedthatsupportthedescriptionofthefailure.Continuitymeasurementsafterthis
firsttestconfirmedthehypothesis.Thetestplanwassubsequentlychangedtoinvestigatethecausesforthefailureand
betterunderstandthethermalcontrolperformance.

TheelectricalconnectivityattheNitinolgrippingassemblieswasalteredsoastoexcludetheleftmostandrightmost
verticalribbonbundlesfromthecircuit.Thethermalcontrollerwasagainactivated,buttoamuchlowersetpointof
35°C(95°F)whilealsorecordingimagesfromtheinfraredcamera.A representativeimageisshowninFigure14.It
canbeseenthatseveralotherhotspotsexistinthestructure.It isbelievedthattheseareattributableto"partial"shorts,
i.e.,connectionbetweencoincidenthorizontalandverticalribbonbundlesoveraportionofthepotentialcontactarea,
thatwerealsoprecipitatedduringthefirstactivationofthethermalcontroller.Thenonuniformtemperaturedistribution
andlargethermalgradientbetweenregionscontainingfourlayersofSMAandadjacentregionswithnoSMAarealso
noteworthy,bothofwhichwereanticipated.Thefeaturethatwasnotanticipatedisalargedisparity(transientand
steady-state)betweeninfraredandsurfacethermocouplemeasurements.

Forexample,thetemperaturedistributionshowninFigure14correspondstoacontrolthermocouplereadingof35°C
(95°F).However,theinfraredimageindicatesatemperatureofapproximately65.6°C(150°F)in thevicinityofthe
controlthermocouple.Thiseffectisindirectdisagreementwithsimilarteststhatwereperformedpreviouslyonbeam
specimensfabricatedfromthesamematerialsystem.Inthecaseofthebeamspecimens,differencesbetweeninfrared
andthermocouplemeasurementswerenotedundersimilarconditions,butwereonlyontheorderofabout5.6°C(10°F).
Additionaltestswereperformedonthepanelspecimento helpdeterminethefactorsthatcontributeto thelarge
discrepancy.

Theelectricalconnectivityofthepanelspecimenwaschangedtoapplypoweronlytothecenterverticalribbonbundle.
Thecontrolthermocouplewasmovedtothecenterofthepanel.Twoadditionalthermocoupleswereattachedtothe
panel:oneatthecrossingofthecenterverticalbundlewiththesecondhorizontalbundlefromthebottom,andoneatthe
crossingwiththefourthhorizontalbundlefromthebottom.It isnotedthatthelatteradditionalthermocoupleisofa
smallergauge(24gaugeversus20gaugeforthetypeTthermocouples).Thethermalcontrollerwasagainexercised,
whichresultedinthetemperaturedistributionshowninFigure15atacontrolthermocouplereadingof36.1°C(97°F).
Inthiscase,theinfraredimageindicatesatemperatureof32.2°C(145°F)inthevicinityofthecontrolthermocouple(a
discrepancyof26.7°C,48°F).CorrespondingdifferencesinthevicinityoftheothertypeTandthetypeKthermocouple
are31.1°C(56°F)and17.2°C(31°F),respectively.Thisdataindicatesthattheattachedthermocouplesaregeneratinga
largefin effect, extracting and dissipating significant thermal energy from the panel even though the size of the test
article is substantial, and are thus measuring a significantly depressed temperature. Figure 15 also shows a nonuniform
temperature distribution. This effect is due to shielding produced by the horizontal ribbon bundles because they are
located closer to the panel surface than the vertical ribbon bundles. The indication is that the infrared camera is actually
measuring an infrared signature consisting of panel surface and Nitinol ribbon components, where that from the Nitinol
is attenuated through the translucency of the glass-epoxy composite.

The following remedies are proposed for rectification of the thermal control problem. The specimen should be thermally
insulated at the mechanical boundary, if possible, to improve the thermal transient response. Thermal insulation would
have the added benefit of reducing boundary expansion significantly, which is a significant source of uncertainty for
thermomechanical performance quantification. Thermocouples attached to the panel structure should be of minimum

gauge to maintain integrity for the intended environment. The thermal control should be based upon a more
comprehensive measurement array such as seeking to achieve a setpoint while assuring other temperatures do not exceed
specified limits. Finally, and perhaps most importantly, thermal control should be sought through noncontacting means,
such as through temperature data extracted from an infrared camera.
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7.SUMMARY

A methodforfabricatingahybridcompositepanelwithembeddedSMAactuatorshasbeendeveloped.A SMAHC
laminatewasfabricatedfromtheglass-epoxymatrixwithalaminationof(45/0/-45/90/0/90/-45/0/45)andNitinolribbon
actuators,withaprestrainof4%,embeddedindiscrete0.011m(0.45inch)stripsin four(thetwoouter0°andthe90°
layers)of9layers.TheoverallvolumefractionoftheNitinolisapproximately26%.Thermomechanicalpropertiesof
theconstituentmaterialswerepresented.Propertiespresentedfor theglass-epoxyincludeelasticmoduliand
coefficientsofthermalexpansion.Nitinolpropertiesincluderecoverystressversusthermalcycleandtemperature,at
4%prestrain,andmodulusestimatesatvarioustemperaturesin therangefromambientto148.9°C(300°F).

AnexperimentalapparatuswasdevelopedtotesttheSMAHCpanelfordynamicresponseandnoisetransmission
characteristicsundertheactionofthermalandrandomacousticloads.Thespecimensupportapparatusconsistedofan
aluminumclampingfixturefor thepanelandgrippingassembliesfortheNitinolribbon.TheNitinolgripping
assembliesprovidedelectricalconnectivity,aswellasmechanicalsupport,andwereusedtoconfiguretheentireNitinol
arrayelectricallyinseries.Thisconfigurationwasconvenientforelectricalheatingandcontrol.A thermalcontrol
systemwasimplementedusingaprocesscontroller,aDCpowersupply,theelectricalgrippingarrangement,anda
thermocouplemeasurementatastrategiclocationonthepanel.Thethermocoupleplacementandcontrollogicwere
baseduponpreviousexperiencewithbeam-typespecimensofthesamematerialsystemandsimilarconfiguration.
However,uponthefirstactivationofthethermalcontrolsystemthespecimenwasoverheatedatseverallocations.This
failurewasattributabletoseveralfactorsincludingamuchlargerthermaltimeconstantthananticipated,a largefin
effectproducedbythecontrolthermocouplecausingit tomeasureasignificantlydepressedtemperature,andacontrol
strategythatneglectedoverheatlimiting. A schemeforrectificationoftheproblemwasidentifiedandincluded
insulatingthepanelboundaryanddefiningamorecompletecontrolmetricusingthermocouplesofminimalgaugeor
temperaturesextractedfrominfraredmeasurements.
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22"x20"x0.045"Glass-Epoxy/SMAHybridPanel

(45/OsM//-45/90SM//O/90SM//45/OsM//45)Lamination
Layerswith SMAstrips indicated bysubscript.

Panel area betweenouter edgesand dashed line will be supported inpicture frame4ype
grip apparatus.Areawithin dashedline is14"x10"unsupportedsection.

FDrill for 1/4"Bolt
Edges

3/8" DowelHole
2.0" from Adjacent Edges

F Drill for 1/4"Bolt, 1"OC

0.45"x0.006"CS
5-6" Protrusion

/
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PanelSection

0

1/4" DowelHole
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Figure 1: Schematic of the SMAHC panel specimen.
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Figure 2: Mechanical drawing of the laminate lay-up and cure tooling apparatus (all dimensions in inches).

Figure 3: Completed SMAHC laminate with Nitinol ribbon

gripped in knurled restraints.

Figure 4: Consolidated SMAHC panel after completion of
machine work.

SPIE's 9al Annual International Symposium on Smart Structures and Materials; Smart Structures and Integrated Systems, L. Porter

Davis (Editor), SPIE Vol. 4701, Paper No. 4701-60, San Diego, CA, 17-21 March 2002.



SPIE 4701-60

6O

55

5O

45

4O

0.
35

3O

"8 25

2O

15

10

-''1''''1''''

.................... E 1

........... E 2

G12

50 1 O0

Temperature, °C

Figure 5: Glass-epoxy elastic moduli versus temperature.

8O

7O

6O

Q.

O 50

_=

-_ 40
O

3O

I I

20

10

/
/

/
/

/
/

/
//

/
/

/
\\ //

"-.j.

50 1 O0 1 50

Temperature, °C

Figure 8: Nitinol elastic modulus versus temperature.
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Figure 6: Glass-epoxy CTEs versus temperature.
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Figure 7: Nitinol average recovery stress versus temperature.

Figure 9: SMAHC panel installed in clamping fixture with

Nitinol ribbon gripping assemblies.

Figure 10: Detail of Nitinol ribbon gripping assemblies.
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Figure 11: SMAHC panel-fixture assembly with thermal and dynamic instrumentation.

Figure 12: Schematic of NASA LaRC Transmission Loss Facility.
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Figure 15: Temperature distribution with 1 of 117 Nitinol

ribbon bundles activated at a control TC reading of 36.1 °C

(97°F).

Figure 13: SMAHC panel-fixture assembly installed in

transmission loss apparatus baffle.
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Figure 14: Temperature distribution with 99 of 117 Nitinol

ribbon bundles activated at a control TC reading of 35°C

(95°F).
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